Insulin is an important factor for the maintenance of glucose homeostasis, enhancing glucose uptake in its target tissues in a process that has been conserved between fish and mammals. In fish skeletal muscle cells, like in mammals, insulin promotes GLUT4 translocation to the plasma membrane and, consequently, glucose uptake but its role regulating the expression of glucose transporters in vitro has not been demonstrated to date. Thus, we investigated the expression of GLUT4 and GLUT1 throughout skeletal muscle cell differentiation and their regulation by insulin and IGF-I using a primary culture of trout muscle cells. GLUT4 expression gradually increased during the muscle cell differentiation process, whereas GLUT1 expression remained fairly constant.
Introduction
Insulin is an anabolic hormone that plays a key role in carbohydrate metabolism, promoting the storage and synthesis of carbohydrates and inhibiting their degradation.
Therefore, insulin is an essential hormone for the maintenance of glucose homeostasis (40) . In mammals, skeletal muscle is the main tissue contributing to the removal of glucose from the blood to maintain normoglycemia upon insulin stimulation (50) .
Insulin enhances glucose uptake in skeletal muscle primarily by increasing the presence of the facilitative glucose carrier GLUT4 in the sarcolemma of muscle fibers (38). In addition to this acute effect of insulin on the subcellular localization of GLUT4, insulin stimulates the expression of GLUT4, as well as of GLUT1, in muscle and fat cells (29) .
GLUT4 expression is also known to increase with the progression of the myogenic differentiation process (30, 41) which entails an increase in insulin-stimulated glucose transport (30) . Furthermore, the expression of GLUT4 in skeletal muscle is also stimulated by IGF-I (4), a hormone primarily involved in the control of skeletal muscle growth and differentiation (17) but also involved in metabolic regulation, evidenced by its stimulatory effects on glucose uptake in muscle cells (4) .
In non-mammalian vertebrates, such as teleost fish, insulin also has an important metabolic role stimulating the entry of nutrients into the cells. Insulin is generally considered a hypoglycemic hormone in teleost fish (32) but its role regulating glucose homeostasis could be somewhat different than in mammals. In fact, the stimulatory effects of insulin on glucose uptake by skeletal muscle, which accounts for more than 50% of the body weight, are known only for certain species of fish (1, 42) . Moreover, insulin accelerates the rates of protein synthesis and amino acid uptake in order to promote muscle growth (31) . Recently, insulin has been shown to directly stimulate the uptake of glucose and amino acids by trout muscle cells in culture (9) and IGF-I shares the same effects, supporting the notion that insulin and IGF-I may directly regulate carbohydrate and protein metabolism in trout skeletal muscle. In brown trout, skeletal muscle (red and white) accounts for approximately half of the total glucose uptake by tissues despite having the lowest glucose uptake rates and is the only tissue which increases its glucose uptake rate in response to a glucose load (5) . Therefore, skeletal muscle can be considered a major contributor of glucose disposal from the blood in fish and its ability to regulate its glucose uptake rate suggests the possible involvement of a regulatable facilitative glucose transport system. However, it should be noted that glucose entry into skeletal muscle could also be determined by changes in hexokinase activity and intracellular glucose concentrations (28).
Fish skeletal muscle has been shown to express several isoforms of facilitated glucose transporters. To date, four members of the family of facilitated glucose transporters (GLUT1-4) have been cloned and identified in different species of teleost fish (7, 20-22, 27, 35, 44, 45, 49) . In particular, GLUT1 and GLUT4 are expressed in fish skeletal muscle (8, 12, 22, 35, 43) . Functional studies of fish GLUT1 and GLUT4 homologs expressed in Xenopus oocytes have demonstrated that these transporters are indeed able to transport glucose and that they differ in their affinity for glucose, being that for GLUT4 higher than that for GLUT1, albeit lower than that of their mammalian counterparts (7, 43) . In addition, we have recently shown that insulin directly stimulates glucose uptake in trout muscle cells by increasing the abundance of GLUT4 at the plasma membrane, like in mammals (11) . Nevertheless, little is known about the regulation of the expression of fish GLUT4 by insulin or IGF-I. Previous in vivo studies 5 from our laboratory have shown a direct correlation between blood insulin levels and mRNA and protein expression levels of GLUT4 in trout red skeletal muscle (8, 12) . In contrast to GLUT4, GLUT1 mRNA expression in both white and red trout skeletal muscle remained invariable to the changes in plasma insulin (8) . All these observations indicate that fish GLUT4 and GLUT1 are structural and functional homologs of mammalian GLUT4 and GLUT1, respectively.
The aim of this work was to investigate the expression of GLUT4 and GLUT1 throughout trout muscle differentiation, the regulation of the expression of these transporters by insulin and IGF-I in myoblasts and myotubes as well as glucose uptake under basal and insulin-stimulated conditions in myoblasts and myotubes. To address this issue we used a primary culture of trout muscle satellite cells, a system that can reproduce the differentiation process taking place in skeletal muscle, shows insulin and IGF-I binding (10) and which has been used to study the direct metabolic effects of insulin and IGF-I in trout muscle (9) . The results from our study indicate that the basal expression of GLUT4, but not of GLUT1, markedly increases throughout the differentiation process of trout skeletal muscle cells and that the expression of both GLUT4 and GLUT1 is stimulated by insulin and IGF-I in myoblasts and myotubes.
Materials and Methods

Animals
Rainbow trout (Oncorhynchus mykiss) of 5-10 g were purchased from the Piscifactoria Truites del Segre (Oliana, Lleida, Spain) and were maintained in the facilities of the 
Isolation of trout muscle satellite cells
Animals (40 to 80 for each isolation) were sacrificed by a blow to the head and immersed in 70% ethanol for 30 seconds to sterilize external surfaces. Muscle satellite cells from rainbow trout and brown trout were isolated and cultured following a protocol previously described (10, 15) , with some modifications. Briefly, after removal of the skin, dorsal white muscle was isolated in sterile conditions and collected in DMEM medium containing 9 mM NaHCO 3 , 20 mM Hepes, 15% horse serum and antibiotic-antimycotic cocktail (100 U/ml penicillin, 100 μg/ml streptomycin, 25 μg/ml amphotericin B, 75 μg/ml gentamycin) at pH 7.4. After mechanical dissociation of the muscle in small pieces, the tissue was enzymatically digested with a 0.2% collagenase solution in DMEM for 1 h at 18 º C and gentle shaking. The suspension was centrifuged (300 g for 10 min at 15 º C) and the resulting pellet was subjected to two rounds of enzymatic digestion with a 0.1% trypsin solution in DMEM for 20 min at 18 º C and gentle agitation. After each round of trypsinization the suspension was centrifuged and the supernatant was diluted in 4 volumes of cold DMEM supplemented with 15% horse serum and the same antibiotic-antimycotic cocktail mentioned before. After two washes with DMEM, the cellular suspension was filtered through 100 and 40 μm nylon filters.
Cells were counted and cultured on 6-well plates (NUNC, Roskilde, Denmark) at a 7 density of 3-4x10 6 cells/well. Plates were previously treated with poly-L-lysine and laminin to facilitate satellite cell adhesion. Media and chemicals used in the isolation procedure were obtained from Sigma (Tres Cantos, Spain).
Cell culture
Trout muscle cells were maintained at 18 º C with DMEM containing 9 mM NaHCO 3 , 20
mM Hepes, 10% fetal bovine serum and antibiotic-antimycotic cocktail (100 U/ml penicillin, 100 μg/ml streptomycin, 25 μg/ml amphotericin B) under an air atmosphere. Protocols used for GLUT1 and 18S detection only differed in annealing temperature (65 º C and 50 º C for GLUT1 and 18S, respectively), fluorescence quantification temperature (87ºC for 18S) and extension time (9 s for GLUT1 and 18S). PCR specificity was routinely checked by the melting curve obtained from the software and by agarose gel electrophoresis, where only one DNA fragment of expected size was observed in all cases. In parallel to the samples, a standard curve generated with serial dilutions of plasmid containing the target sequence (GLUT4, GLUT1 or 18S) was included in each run. Concentration values expressed as arbitrary units were assigned to each dilution. Ct values obtained from standards were used by the software to generate 9 a standard curve and interpolate sample Ct values. GLUT4 and GLUT1 expression in each sample was normalized using the ribosomic RNA 18S as a housekeeping gene.
Real-time PCR assays were conducted in duplicate for each sample.
Glucose uptake measurements
Rainbow trout muscle cells isolated and maintained as described above were cultured for 2 and 10 days and at the day of the experiment cells were serum starved for 4 h and subsequently preincubated in the absence or presence of human insulin (1000 nM) for 30 min at 18 º C. After the preincubation, cells were washed twice with PBS and incubated with HEPES buffered saline containing 50 μM 2-deoxyglucose (2 μCi/ml 2- 
Statistical analysis
In all the experiments described, statistical significance was determined by one-way ANOVA, followed by the Fisher's Protected Least Significant Difference test (13) .
Results
GLUT4 and GLUT1 expression during trout muscle cell differentiation
In trout muscle cells, GLUT4 and GLUT1 mRNA levels were examined throughout trout myoblast differentiation by quantitative real-time PCR. In all cultures, a significant increase in the expression of GLUT4 was observed ( Fig. 2A) . Similarly, insulin significantly increased the expression of GLUT1 at 12 h and 18 h of incubation (Fig.   2B ).
Dose-related effects of insulin and IGF-I on GLUT4 and GLUT1 expression in trout muscle cells
After 5 days in culture, cells previously deprived of serum were incubated with increasing concentrations of insulin and IGF-I during 18 h and the relative expression of GLUT4 and GLUT1 was quantified. In trout muscle cells treated with insulin, GLUT4 expression increased in response to insulin at doses as low as 10 nM and achieved its maximum levels when cells were incubated with 1000 nM insulin (4.83 ± 0.45 fold over basal) (Fig. 3A) . Furthermore, IGF-I significantly increased the amount of GLUT4 mRNA, although it appeared to have a maximal effect at a dose of 10 nM. GLUT1
mRNA expression also increased in response to both hormones (Fig. 3B ). In the case of insulin treatment, a significant stimulatory effect on GLUT1 expression was observed only at the 1000 nM dosage. IGF-I also caused a significant increase of GLUT1 mRNA at doses as low as 10 nM.
Insulin and IGF-I effects on GLUT4 and GLUT1 expression in relation to the state of trout muscle cell differentiation
The effects of insulin and IGF-I on GLUT4 and GLUT1 expression were examined at different stages during the trout muscle cell culture: at day 2 (undifferentiated cells; myoblasts) and at day 10 (differentiated cells; myotubes). Insulin (100 nM) caused a similar increase in GLUT4 expression at day 2 and at day 10 ( Fig. 4A) . In contrast, GLUT1 mRNA levels did not increase significantly in trout muscle cells treated with insulin after day 2 or 10 of culture (Fig. 4B) . Like insulin, IGF-I (10 nM) caused a similar increase in the expression of GLUT4 at days 2 and 10 ( Fig. 4A) . However, IGF-I strongly and significantly induced GLUT1 expression in trout muscle cells at day 2 (up to approximately 12-fold) and, to a lesser extent (approximately 3-fold), at day 10 ( Fig. 4B) . It should be noted that in these experiments the basal expression of GLUT4
and GLUT1 was lower in myoblasts than in myotubes (data not shown), as observed in the cell differentiation experiments (Fig. 1) .
Glucose transport characteristics of trout muscle cells
In order to examine the functional consequence of the changes in glucose transporter expression in trout muscle cells, we investigated the uptake of glucose under basal and insulin-stimulated conditions in trout muscle cells at day 2 and at day 10 of culture. Our results indicate that, in parallel to the increase in the basal expression of GLUT4 and, to a much lesser extent, GLUT1 in trout muscle cells, insulin-stimulated glucose uptake significantly increased between day 2 (1.7 fold) and day 10 (2.5-fold) (Fig. 5 ). Basal glucose uptake did not show statistically significant differences between day 2 and day 10 (3.27 ± 0.77 and 4.62 ± 0.71 pmol 2-DG/μg protein, respectively).
Discussion
In the present study, we examined the expression of the glucose transporters GLUT4
and GLUT1 throughout the course of in vitro differentiation of trout muscle cells and its regulation by insulin and IGF-I. For this purpose we used a well-characterized primary culture of trout skeletal muscle cells (10, 15, 36, 37 ) that provides a useful tool to reproduce the muscle differentiation process in vitro and study the biology of fish muscle cells. Importantly, trout muscle cells have receptors for insulin and IGF-I and IGF-I binding has been shown to gradually increase during myogenesis (10, 33) .
The results of the present study indicate that the amount of GLUT4 mRNA gradually increased throughout the differentiation process of trout muscle cells in culture from 13 myoblasts to myotubes, supporting our recent observation that the amount of immunoreactive endogenous GLUT4 protein in cultured trout muscle cells is higher in myotubes than in myoblasts (11) . These data are in agreement with previous studies on human myosatellite cells in culture (2) which demonstrated that GLUT4 expression is higher in myotubes than in myoblasts. In the same way, Guillet-Deniau et al. (18) observed that GLUT4 mRNA was not present in muscle satellite cells isolated from rat fetuses until 11 days of culture. This feature has also been described in the mouse muscle cell line C2C12 (41) . In contrast, GLUT4 expression dramatically decreased with de-differentiation of adult rat cardiomyocytes (39). For this reason the GLUT4 gene is often used as a marker of muscle differentiation (19, 24) and the results of the present study would support the notion that the increase in the expression of GLUT4 throughout the process of muscle cell differentiation represents an evolutionary conserved feature of skeletal muscle in vertebrates.
One of the major objectives of this study was to investigate the regulation of GLUT4 mRNA levels in trout muscle cells by insulin and IGF-I. We show here that GLUT4 expression is stimulated by insulin and IGF-I in trout muscle cells and that the response is similar in cells at the myoblast and myotube stages. Our results are in agreement with previous studies using human muscle satellite cells in primary culture (3), rat cardiomyocytes (34) and fetal brown adipocytes (47) . Conversely, studies using muscle and adipogenic cell lines such as L6 or 3T3-L1 cells, respectively, have reported a down-regulatory effect of insulin and IGF-I on GLUT4 gene expression (16, 26). The observed ability of insulin to stimulate GLUT4 mRNA expression in vitro in trout muscle cells is consistent with the results of a previous in vivo study from our group that established a relationship between insulin plasma levels and GLUT4 mRNA levels in 14 skeletal muscle in trout (8) . More recently, we have shown that insulin and arginine administration increase whereas fasting decreases GLUT4 protein content in trout skeletal muscle (12) , supporting the notion that circulating insulin may regulate the expression of GLUT4, both at the mRNA and protein levels, in skeletal muscle.
Therefore, the present study provides the first evidence in fish (and in non-mammalian vertebrates) that insulin is able to regulate GLUT4 mRNA content in trout skeletal muscle by exerting its function directly on muscle cells. In mammals, GLUT1 is the other major GLUT isoform expressed in skeletal muscle, together with GLUT4 (25) . The levels of GLUT1 mRNA increased modestly during the in vitro differentiation of trout muscle cells, in contrast to what is known in mammals (2, 18, 41, 48) . In addition, the effects of insulin on GLUT1 expression did not appear to be very consistent since insulin stimulated the expression of GLUT1 in day-5 myocytes (requiring 100 nM in the time-course experiments and 1000 nM in the doseresponse experiments) but not in muscle cells at day-2 (myoblasts) or day-10 (myotubes). We have previously reported that GLUT1 expression in trout skeletal muscle was not affected by changes in the circulating levels of insulin (8) , suggesting that insulin is not a major player in the regulation of GLUT1 expression in trout skeletal muscle. In mammalian primary cultures of adipocytes and myosatellite cells, GLUT1
expression does not change in response to an insulin treatment (3, 18, 23) . Interestingly, in the trout muscle cell culture IGF-I caused a marked increase in GLUT1 expression at day 2 and a more modest increase at day 10. Since IGF-I is also known to stimulate the proliferation of trout myoblasts (9), it is possible that the increased expression of GLUT1 could contribute to a greater fuel intake to face the increased energy demand imposed by the proliferative activity of IGF-I.
The increase in the expression of GLUT1 and, more importantly, GLUT4 during in vitro differentiation of trout muscle cells was accompanied by a significant increase in the insulin-stimulated uptake of glucose, similar to the situation in mammalian cells (30) . These results suggest that the number of functional glucose transporter molecules increased in trout muscle cells during the in vitro differentiation process. Since insulin increases glucose uptake in trout muscle cells by stimulating the translocation of endogenous GLUT4 to the plasma membrane (11), the higher insulin-stimulated glucose uptake in myotubes (day 10) over myoblasts (day 2) could be explained by an increase in the amount of newly-synthesized GLUT4 molecules (as suggested by the higher basal expression of GLUT4 in myotubes) that contribute to the insulinresponsive compartment and that could be mobilized to the plasma membrane in response to insulin.
Perspectives and Significance
The results from the present study on the differentiation-induced expression of GLUT4, and to a much lesser extent of GLUT1, and on the ability of insulin and IGF-I to 16 directly stimulate GLUT1 and GLUT4 expression in trout muscle cells indicate that the mechanisms regulating the expression of GLUT1 and GLUT4 in skeletal muscle are already present in fish. Due to the similarities in the regulation of GLUT1 and GLUT4 expression between fish and mammals, it is evident that these mechanisms have been remarkably well conserved during vertebrate evolution, underscoring the importance of the maintenance of glucose homeostasis throughout vertebrates. The present results, coupled with the known stimulation of GLUT4 translocation to the plasma membrane by insulin in trout muscle cells (11) , support the idea that the relative glucose intolerance of teleost fish, and in particular of salmonid fish, may not be explained by peripheral resistance to insulin. Instead, the lower ability of fish to clear a glucose load could be due, at least in part, to the lower affinity for glucose of fish GLUT1 (43) and GLUT4 (7), when compared to mammals. Results shown are the mean ± SE of three independent experiments (except at 3 h which were two), each performed in duplicate, and are shown compared to the basal state, which was set to 1. Different letters indicate significant differences (p < 0.05). Results shown are the mean ± SE of a representative experiment performed in triplicate and are shown compared to the basal state for each time, which were set to 1. Different letters indicate significant differences (p < 0.05).
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